a Heterogeneous photocatalytic reactions can be efficiently driven by completely integrated photocatalystlight emitter units which are wirelessly powered from outside the reaction vessel using resonant inductive coupling. To demonstrate the universal applicability of the concept, three representative photocatalytic reactions, H 2 O 2 production, methylene blue degradation and nitrobenzene reduction to aniline, were investigated.
Introduction
The importance of heterogeneous photocatalysis in fundamental and applied science has expanded rapidly over the last few decades [1] [2] [3] and a variety of applications in the fields of organic synthesis, 4 ,5 wastewater treatment 6, 7 and removal of air pollutants 8, 9 have emerged. Especially in the context of green chemistry, photocatalysis offers many advantages as highenergy conversions are possible under very mild conditions and by-products can often be avoided as photons are essentially traceless reagents. 10, 11 However, current photocatalytic processes have many engineering limitations such as illumination efficiency and reactor design, hence industrial implementation is still limited to select few cases and only on a small scale. 12, 13 Large-scale photocatalysis especially in the case of high catalyst loadings is limited mainly by the penetration depth of light into the reactor, which typically does not exceed a few millimeters. Reactors with a high surface-tovolume ratio such as photomicroreactors or falling film reactors show better illumination efficiencies but are very areaintensive in scale-up. 14, 15 Internal illumination is a promising technique that achieves good illumination efficiency and enables a more flexible choice of reactor types. Different types of internal illumination such as immersion lamps 16 or optical fibres 17 have been successfully applied. Compared to those methods, wireless powering of internal light sources, further called Wireless Light Emitters (WLEs), 18 has great advantages for up-scaling photocatalytic processes. Since the light sources themselves can easily be added to or separated from the reactor, it allows for more flexibility in selecting a suitable reactor. Even standard multi-purpose reactors can be used with WLEs to power photocatalytic reactions, which could tremendously help their widespread application. Hayashi et al. showed that LEDs dispersed in a reactor and powered via piezoelectric effect by ultrasonic waves result in a higher photocatalytic methylene blue degradation rate compared to LEDs fixed to the wall of a reactor. 19 Furthermore, microwave-powered electrodeless discharge lamps have often been utilized for photocatalytic degradation of organic pollutants in aqueous solutions. 20, 21 Resonant inductive coupling (RIC) shows great potential for wireless powering of LED devices as the possible energy transfer efficiency is already >75% (ref. 22 ) and the conductivity and permittivity of water show no negative impact on the energy transfer efficiency. 23 Since there are already many well-known applications of RIC such as charging of batteries of portable devices, 24 endoscopic capsules 25 or other sensors, 26, 27 synergistic effects in future development can be expected. LEDs powered by RIC were successfully introduced as a means to illuminate photobioreactors 28, 29 and for photocatalytic wastewater treatment. 30 In both cases, many WLEs in a suspension were powered by one transmitting inductor while a single WLE consists at least of one LED and an orientation-dependent receiving coil. In order for the inductive coupling to be efficient, the WLE needs to be oriented with the receiving coil in parallel with the field-generating coils. Coincidentally, as the WLE's centre of mass is slightly below its geometric centre, they automatically align themselves correctly, enabling efficient power transfer even in fluidized-bed systems. Also, to receive power independent of the receiving coil orientation and illuminate the whole WLE surface uniformly, the use of a 3D receiving coil 31 and two (up and down oriented) or even four (tetrahedral) LEDs is conceivable. Furthermore, there is the challenge that the photocatalyst needs to be removed from the reaction medium after the reaction, not only to purify the product but also to recover and re-use the often expensive photocatalyst materials, which is technically challenging for very small nanoparticles. For this reason, it is advantageous to immobilize the photocatalyst onto larger supporting particles, which in this case can be the WLE itself. This makes separation and re-use of the catalyst trivial and allows for very easy operation of photocatalytic reactions as the photocatalyst, light source and power source are fully integrated in one easily operable small device. This approach has the additional advantage that light does not actually enter the reaction medium anymore since it is already fully absorbed by the photocatalyst coating, so reactions with strongly light-absorbing or light-sensitive reactants and products are easier to realize. These photocatalyst-coated WLEs can be treated the same way as common supported heterogeneous catalysts and can be operated in the same way, e.g. in fixed-bed or fluidized-bed systems by simply extending the reactor using a transmitting inductor (cf. Fig. 1 ).
For these reasons, we developed photocatalyst-coated WLEs with a diameter of 1 cm which serve as a completely integrated, wirelessly powered catalyst system for heterogeneous photocatalytic reactions. The easy usability of this system is subsequently demonstrated for a variety of photocatalytic reactions. Each WLE consists of a receiving circuit and a UVA-LED (365 nm emission), which are housed in a spherical shell (cf. Fig. 2 ). As the shell material, a polymer is preferable since it can be easily processed using injection molding which facilitates mass production at very competitive prices. 32 Transparent photocatalytic active coatings on polymers such as polycarbonate are also well known for the removal of pollutants. [33] [34] [35] Unfortunately, many polymers are not UV-transparent and thus unsuitable for this application. Therefore, a high-performance UV-transparent cyclic olefin polymer (COP) was chosen as a shell material.
Experimental
Film preparation and characterization To analyze the coatings, a cross-section cut of the polymer sheets was prepared. The coated sheets were sputtered with gold and embedded under vacuum in an epoxy resin (SpeciFix-40, Struers) which was cured at 50°C for 12 h. Subsequently, the samples were ground with an increasing grit (up to 2400 grit-paper) and polished with 3 μm and 1 μm diamond suspensions. For conductivity, the polished surface was coated with carbon and the resin with conductive silver. Element mapping of the cross-section was carried out via wavelength-dispersive spectroscopy (WDS) using an electron probe micro-analyzer (EPMA, JXA-8100, Jeol). To estimate the View Article Online thickness of the SiO 2 layer, an edge was created by masking a polymer sheet partially with adhesive tape for the sputtering. After removing the tape, the height of the edge was estimated via AFM (MultiMode with Nanoscope V, Bruker). The optical properties of the films were determined on a one side-coated polymer sheet with a UV/vis spectrophotometer (Flame S-UV-VIS-ES, Ocean Optics).
Evaluation of photocatalytic performance
The photocatalytic tests were performed in a cylindrical glass reactor (56 mm diameter, 105 mm height, about 100 ml volume). For reactions which needed gas supply, a reactor of the same dimensions extended by means of a quartz frit (30 mm diameter) melted on the bottom was used. The reactor was surrounded with three copper wire coils (18 turns each) in series with a distance of 20 mm mounted on a PMMA tube (75 mm diameter, 105 mm height). The coil was connected to a capacitor with an appropriate capacitance to generate a series resonant circuit with a resonance frequency of 178 kHz. This circuit was connected in parallel to an oscillator amplifier circuit with the same resonant frequency of 178 kHz. This frequency is also compatible with many inductive charging devices, e.g., the Qi standard. The WLE consisted of a ferrite core inductor (WE-PD2 4532 10 μH, Würth), a capacitor (82 nF) and a UV-LED (OCU-440 UE365-X-T, 365 nm peak emission, 350 mA, OSA Opto Light), connected all in parallel. These elements form an oscillating circuit with a certain resonance frequency and are encapsulated in a cyclic olefin polymer hollow sphere with a diameter of 10 mm. For the reactions, the WLEs were submerged in a fixed-bed-like arrangement on the bottom of the reactor in the respective solution. The gas volume flux of up to 60 mL min −1 did not disturb the fixed bed. However, higher flow rates can easily lift up the WLEs, whose density is only slightly above the density of water, leading to a fluidized bed operation mode. A picture of the reactor and the WLEs is shown in Fig. 1 . The photon flux was determined using ferrioxalate actinometry 36 with WLEs coated only with SiO 2 .
Hydrogen peroxide production
The reactor was filled with the coated WLEs and phosphate buffer (0.1 M, pH 3) while it was continuously purged by oxygen bubbling (60 mL min −1 ) at room temperature. After 10 minutes in the dark, the electromagnetic field was switched on (19-20 V) 
Methylene blue degradation
The WLEs previously used for H 2 O 2 build-up reactions were used for MB degradation after renewal of the dip-coating. The old coating was removed by ultrasound treatment and the WLEs were dip-coated as described above. Before photocatalytic decomposition of MB (Roth, λ max = 665 nm), the dye was adsorbed on the coated WLEs for 12 h in the dark (30 mL, 20 μM aqueous MB solution). Afterwards, the solution was replaced by the test solution (30 mL, 10 μM MB) and the WLEs were switched on using an electromagnetic field. To examine the decomposition of MB, 250 μL samples were taken every 20 minutes and the absorption at 665 nm was measured with a UV/vis microplate spectrophotometer (PowerWave HT, BioTek).
Nitrobenzene reduction to aniline
The WLEs previously used for H 2 O 2 build-up reactions and MB degradation were used for NB reduction after renewal of the dip-coating. The old coating was removed by ultrasound treatment and the WLEs were dip-coated as described above.
The reactor was filled with five coated WLEs and nitrobenzene solution (20 mL, 10 mM NB, 99.5% Acros Organics) in 2-propanol while it was continuously purged by nitrogen bubbling (4 mL min 
Results and discussion
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layer, the surface of the polymer was treated in oxygen plasma prior to SiO 2 sputtering. 40 Before deposition of the photocatalyst, a thin TiO x layer was prepared via reactive DC magnetron sputtering of titanium to improve the binding between the photocatalyst particles and the SiO 2 interlayer. This TiO x layer already absorbs about 5.5% of the light at 365 nm and shows slight photocatalytic activity (data not shown). These initial 3 process steps could all be carried out consecutively in the same chamber. For deposition of the photocatalyst, a dipcoating process based on commercial P25 TiO 2 powder in acidified ethanol with tetrabutyl orthotitanate was used. The thickness of the layer was found to range between 1 and 4.5 μm with a transmission of <0.2% at 365 nm directly after preparation, indicating that virtually no UV light passes from the WLE into the reaction medium. Assuming a 1 μm thick layer, the mass of the catalyst is approximately 1 mg per WLE. Due to abrasion of the TiO 2 during consecutive reactions, the transmission of the layer increases, indicating significant loss of TiO 2 coating (cf. Fig.  S1 †) . This shows that further improvement of the coating robustness is necessary. Nonetheless, the WLEs could be used for at least 9 consecutive reactions without any noticeable drop in performance. Furthermore, the coating could be completely regenerated by repeating the final dip-coating step. To characterize the coating, a cross-section of a coated COP sheet was studied by EPMA/WDS element mapping. Each layer shows full coverage and a uniform distribution of oxygen over the layers while silicon and titanium are separated in each layer (cf. Fig. S3 †) .
As has been pointed out by Camera-Roda and Santarelli, the use of counter-current illumination, i.e., opposing reactant and photon gradients, can lead to lower effectiveness factors when the turnover rate is high in comparison with the diffusion rate. 41 There was no indication of this being a problem here but it needs to be kept in mind in the future optimization of the coating, especially when higher-power LEDs are used. Before performing the photocatalytic reactions, the photon flux emitted by the WLEs was accurately determined using ferrioxalate actinometry. For this purpose, only SiO 2 -coated WLEs were used so that all the emitted light could pass into the reaction medium to be captured by the ferrioxalate solution. It was found that the photon flux increased linearly with the number of WLEs used, yielding 24 nE s −1 or 8 mW per WLE (cf. Fig. 3 ). For the following experiments, it was assumed that the photon flux measured this way was completely absorbed by the TiO 2 coating. As a first target reaction, the photocatalytic production of H 2 O 2 from molecular oxygen and water was studied (cf. coated WLEs, respectively, confirming the expected linear scalability. The corresponding photonic efficiency is approximately 0.1%, which is in the range of other published values for the reaction (0.05% to 0.5%).
42,43
The formation rates are higher in a suspension (99 and 213 nM min −1 for 1 and 5 WLEs, respectively), presumably due to the better mass transport and higher surface area of freely moving individual nanoparticles. The difference of formation rates between coated and uncoated WLEs is smaller for 5 WLEs than for 1 WLE, presumably since the relative catalyst mass is increased in favour of the coated system. This also indicates that for a high density of WLEs, the coated system might perform similarly to a suspension, with the additional advantage that the catalyst can be much more easily removed and re-used. Since all components for the photocatalytic reaction are conveniently integrated in the WLE, the system would be perfect for in situ reactant generation for coupled H 2 O 2 -dependent reactions. 44 As an additional test for the photocatalytic activity, the popular method, degradation of methylene blue (MB), which serves as a benchmark compound for photocatalytic wastewater treatment, was studied. 45, 46 Different amounts of coated WLEs were immersed in a fixed-bed-like arrangement in 30 mL of 10 μM MB solution. The decomposition of the dye on the WLEs' photocatalyst coating under internal light irradiation was examined by monitoring the absorption spectra via UV/vis spectroscopy. No appreciable degradation was observed in the dark or when a WLE without TiO 2 coating was used. The decomposition rates were estimated from the initial decolouration rate using linear regression (cf. Fig. 5 ). The The average photonic efficiency was 0.015% which is in the range of values from other published thin TiO 2 layers (0.009% to 0.078%). 35, 47 This is also an example where the target molecule absorbs some light itself which leads to light attenuation and might induce secondary photoreactions, which are effectively avoided by the present catalyst system. Finally, as an example of the applications in synthetic organic chemistry, the reduction of nitrobenzene with 2-propanol over illuminated TiO 2 was demonstrated with the WLE system (cf. Scheme 2). In this reaction, nitrobenzene is photocatalytically reduced by a total of six electrons to aniline while simultaneously three 2-propanol molecules are oxidized to acetone. 48 Experiments were performed with 5 coated WLEs immersed in 20 mL of 10 mM nitrobenzene solution in 2-propanol. The concentrations of nitrobenzene and aniline were determined via GC analysis. Representative concentration-time profiles are illustrated in Fig. 6 . The initially linear aniline formation rate was 0.94 mM h −1 .
Interestingly, this reaction shows a remarkably high photonic efficiency of 26%, assuming six photons are required for each conversion. This value is extremely high for a heterogeneous photocatalytic reaction, most of which typically display efficiencies well below 10%, illustrated by the other two example reactions in this report. Also, other researchers have observed significantly lower values for the reduction of nitrobenzene, 48 indicating that the WLE system is especially efficient for this reaction. There are also many similar photocatalytic reactions with nitroaromatic compounds, forming other interesting products such as quinoline derivatives or azo compounds, which could likely be performed with comparable efficiency. 49 The presented system has a total power consumption of 8 W, invariant of the number of WLEs used here (1 to 5). This amounts to only 0.5% wall-plug efficiency (electrical power to radiant flux) for 5 WLEs (see the ESI † for product power consumption and CO 2 balance data). However, this system was not optimized at all with respect to energy efficiency; assuming already published values for RIC (75%) 22 and LED efficiencies (35%), 50 it is possible to increase the energy efficiency by a factor of more than 50 to 26.3%, even more with expected higher LED efficiency in the future. The density of WLEs can be best expressed as the fill factor (FF), i.e., the fraction of reactor volume that is taken up by the WLEs. In this demonstration, only a maximum fill factor of 7.7% was employed, indicating that tremendous intensification can be achieved simply by using a larger number of WLEs. Interestingly, the photon flux density increases exponentially rather than linearly with higher FF, as the total lamp power increases while the remaining liquid volume decreases. The theoretical maximum FF would be approximately 74% for the spherical WLEs (close-packing), a more Scheme 2 Photocatalytic reduction of nitrobenzene with 2-propanol to aniline and acetone using TiO 2 -coated WLEs. View Article Online realistic figure for practical applications is around 50%. Table 1 lists the principal parameters of the WLE system for these FFs, which would allow intensification by up to a factor of 34 compared to the present results simply by increasing the number of employed WLEs. When comparing these numbers with other light sources, it should be kept in mind that the data given here refers to the actual radiant flux incident in the reaction medium. When using for instance a medium-pressure mercury immersion lamp with 300 W electrical power, this lamp only has about 94 W irradiance due to heat losses and, of that, only about 25 W is emitted in the UVA region. So if used in a 1 L reactor, the effective radiant flux density of the lamp in the UVA region is not 300 W L −1 as might be assumed, but only 25 W L −1 , even less when accounting for other types of losses. This is in the same range as can be achieved with the WLE system presented herein. It should also be considered that the LEDs used here have a relatively low average radiant flux of 8 mW, so using higher-power LEDs will increase the performance figures of the WLE system correspondingly. The WLEs used here were manufactured in a small batch for a cost of 32 € per unit (see the ESI † for more details). However, considering the rapid decline in LED cost as well as economy-of-scale effects, their costs can likely be reduced to the order of 1 € per unit. The equipment for generating the inductive field is also inexpensive, even commercially available wireless phone chargers can be used to power the devices.
Conclusions
Even though heterogeneous photocatalytic processes have been shown to be very effective for many reactions, their industrial application is still limited to a few niche cases. The main reason for this is the need for custom reactor geometries which account for the poor light penetration depth in photocatalyst suspensions. So instead of making use of these advantageous processes, companies will instead favor less efficient, sometimes multi-step routes that do not need investment in additional equipment.
In this report, we have demonstrated that photocatalystcoated wireless light emitters can be used to power heterogeneous photocatalytic processes. Since both the light source and the photocatalyst are completely integrated in the WLE, they can be handled the same way as ordinary supported heterogeneous catalysts, e.g., in fixed-bed or fluidized-bed operation and in standard reactor geometries, eliminating the need for custom equipment or expertise in photocatalysis. The results also indicate that the reaction rate can be linearly increased with the number of WLEs, enabling easy scalability. This development might enable a more widespread application of photocatalytic processes as the equipment investment costs are drastically reduced to only the recyclable light sources. Also, the operator no longer needs background knowledge about photocatalysis or to expend any thoughts about the light sources and how to best transmit the light into the reactor, vastly facilitating the application of these reactions.
As an example of this technology, cyclic olefin polymer as a shell material for wireless light emitters has been successfully coated with a multilayer SiO 2 /TiO 2 system resulting in small photocatalytically active spheres which could be powered wirelessly via inductive coupling while maintaining free mobility within the reaction medium. These coated WLEs were used to produce H 2 O 2 and degrade methylene blue in aqueous solutions as well as reduce nitrobenzene to aniline in alcoholic solution, demonstrating the universal applicability of the concept.
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